Abstract: Extreme flooding usually causes huge losses of residential buildings and household properties, which is critical to flood risk analysis and flood resilience building in Shanghai. We developed a scenario-based multidisciplinary approach to analyze the exposure, losses and risks of residential buildings and household properties, and their spatial patterns at the neighborhood committee level in Shanghai, based on extreme storm flood scenarios of 1/200, 1/500, 1/1000 and 1/5000-year. Our findings show that the inundation area of the residential buildings caused by a 1/200-year storm flood reaches 24.9 km 2 , and the total loss of residential buildings and household properties is 29.7 billion CNY (Chinese Yuan) (or 4.4 billion USD), while the inundation area of residential buildings and the total loss increases up to 162.4 km 2 and 366.0 billion CNY (or 54.2 billion USD), respectively for a 1/5000-year storm flood. The estimated average annual loss (AAL) of residential buildings and household properties for Shanghai is 590 million CNY/year (or 87.4 million USD/year), with several hot spots distributed around the main urban area and on the bank of the Hangzhou Bay. Among sixteen districts, Pudong has the highest exposure and annual expected loss, while the inner city is also subject to extreme flooding with an AAL up to near half of the total. An analysis of flood risk in each of 209 subdistricts/towns finds that those most vulnerable to storm flooding are concentrated in Pudong, Jiading, Baoshan Districts and the inner city. Our work can provide meaningful information for risk-sensitive urban planning and resilience building in Shanghai. The methodology can also be used for risk analysis in other coastal cities facing the threat of storm flooding.
Introduction
Floods affecting Shanghai are usually categorized into fluvial, pluvial and coastal storm flooding. However, the primary risk of flooding to the Shanghai city is from the sea. Located at the mouth of the Yangtze River, Shanghai is one of the most exposed coastal megacities to extreme flooding, caused by a typhoon induced storm surge in combination with a high astronomic tide, heavy rain, and a fluvial This study takes Shanghai city as a study area, with the exception of Chongming District (including Chongming, Changxing and Hengsha islands) ( Figure 1a ). The study area consists of 15 districts, 209 subdistricts/towns and 5088 NCs. NCs are the smallest administrative unit in cities of China, which play a fundamental role in urban risk management [17, 43] . Eight downtown districts are located on the west of the Huangpu River in the inner city area (within the outer ring) ( Figure  1b ). Taking Huangpu District as an example, the hierarchy levels of district, subdistrict/township and neighborhood committee are shown in Figure 1c .
Data
The data used in this work mainly include four extreme flood scenarios, Shanghai residential building data, housing price data and market price data of household properties in 2017.
Aerts et al. [21] selected low-probability extreme surge events with return periods of 40 years and longer to model flood risk for New York City for the current climate conditions. Shanghai has higher-standard flood protection measures [5] , such as sea walls with a 200-year coastal flood return level design that protect its coastal area, and flood walls with 1000-year riverine flood return level along the Huangpu River to protect the city from riverine flooding [5] . However, the 1/1000-year protection level, approved by the Ministry of Water Resources and Shanghai Municipal People's Government in 1984, may decrease due to combined factors of subsidence, sea level and the hydrological change of the Huangpu River [44, 45] . In order to identify flood hazard in extreme events, Ke [1] performed a frequency analysis of annual maximum water levels, using a generalized extreme value (GEV) distribution. The results turned out that the current estimation of overtopping probability is 1/200-year in the Huangpu River [1] .
Therefore, we selected the return period of extreme flood scenarios equal to or longer than 200 years. First, an integrated numerical simulation system, coupling the atmosphere (Fujita typhoon model), ocean model (TELEMAC and TOMAWAC) and coastal model (MIKE11 and MIKE21), was This study takes Shanghai city as a study area, with the exception of Chongming District (including Chongming, Changxing and Hengsha islands) ( Figure 1a ). The study area consists of 15 districts, 209 subdistricts/towns and 5088 NCs. NCs are the smallest administrative unit in cities of China, which play a fundamental role in urban risk management [17, 43] . Eight downtown districts are located on the west of the Huangpu River in the inner city area (within the outer ring) (Figure 1b ). Taking Huangpu District as an example, the hierarchy levels of district, subdistrict/township and neighborhood committee are shown in Figure 1c .
Therefore, we selected the return period of extreme flood scenarios equal to or longer than 200 years. First, an integrated numerical simulation system, coupling the atmosphere (Fujita typhoon [35, 46, 47] . The simulation system was then employed to provide four inundation scenarios of ( Figure 2 ) the extreme water levels caused by storm tide as a function of 1/200, 1/500, 1/1000 and 1/5000-year, respectively combined with a fluvial flood during Typhoon TC9711 in 1997 [4, 35] . A DTM (digital terrain model) with an original grid size of 10 m by 10 m was used for our coastal model [35] . The area covered by the buildings was not excluded from the calculation domain, which appears as blocks with the height of 20 m in the DTM. The spatial resolution of 60 m by 60 m was finally applied for the MIKE21 model due to limited computational resources. The frequency analysis of annual maximum water levels was performed, using the generalized extreme value (GEV) distribution to estimate the extreme water levels for different return periods [1, 48] . The inundation period is in line with the time frame of Typhoon TC9711. The crest height of sea dikes and floodwalls along the Huangpu River were taken into account and the failure mechanisms of the flood defense system were overflowing and overtopping. The inundation depth of each residential building is derived by averaging the water depths from grids of the simulation outcomes neighboring the building footprints. developed, calibrated and validated to simulate the extreme flooding [35, 46, 47] . The simulation system was then employed to provide four inundation scenarios of ( Figure 2 ) the extreme water levels caused by storm tide as a function of 1/200, 1/500, 1/1000 and 1/5000-year, respectively combined with a fluvial flood during Typhoon TC9711 in 1997 [4, 35] . A DTM (digital terrain model) with an original grid size of 10 m by 10 m was used for our coastal model [35] . The area covered by the buildings was not excluded from the calculation domain, which appears as blocks with the height of 20 m in the DTM. The spatial resolution of 60 m by 60 m was finally applied for the MIKE21 model due to limited computational resources. The frequency analysis of annual maximum water levels was performed, using the generalized extreme value (GEV) distribution to estimate the extreme water levels for different return periods [1, 48] . The inundation period is in line with the time frame of Typhoon TC9711. The crest height of sea dikes and floodwalls along the Huangpu River were taken into account and the failure mechanisms of the flood defense system were overflowing and overtopping. The inundation depth of each residential building is derived by averaging the water depths from grids of the simulation outcomes neighboring the building footprints. The data of Shanghai residential buildings in 2017 include the building's footprint and height information, which were acquired from Baidu Map (https://map.baidu.com) using a python-based web crawler, and then processed by a GIS software. The accuracy of residential building footprint data was evaluated, using high-precision remote sensing images from Google Earth. A total of 150 NCs (10 NCs for each district) in the study area were randomly selected as validation samples. Residential buildings were interpreted visually from the Google Earth images, and compared with the footprint data from Baidu Map. The results show that the overall accuracy of residential building The data of Shanghai residential buildings in 2017 include the building's footprint and height information, which were acquired from Baidu Map (https://map.baidu.com) using a python-based web crawler, and then processed by a GIS software. The accuracy of residential building footprint data was evaluated, using high-precision remote sensing images from Google Earth. A total of 150 NCs (10 NCs for each district) in the study area were randomly selected as validation samples. Residential buildings were interpreted visually from the Google Earth images, and compared with the footprint data from Baidu Map. The results show that the overall accuracy of residential building footprint data in 2017 is 92.8% with a standard deviation of 3.2%, indicating that the footprint data have very high quality.
Another python-based web crawler was developed to retrieve the online information of the housing price in Shanghai in 2017, provided by Lianjia, a popular Chinese O2O (online-to-offline) real estate agency service provider (https://sh.lianjia.com/). Housing price data of 3562 NCs were then acquired after careful data processing to remove the invalid records or outliers. There were still 1526 NCs with no observed data. The boosting model XGBoost [49] was used to estimate housing prices for those areas [40] and a variable was created to represent the spatial correlation relationship to improve the model performance. A spatially explicit and consistent housing price dataset at the NC level for the study area is finally obtained [40] .
The current market price data of household properties in 2017 were derived from price reports provided by the Shanghai Statistical Yearbook [32] and company websites of household appliances and furniture (http://www.zol.com.cn/), and Shanghai household decoration. The market price data of household appliances and furniture in 2017 are mainly derived from large O2O (online-to-offline) appliance sales companies, and furniture shopping malls in Shanghai.
Methods
A quantitative risk analysis process method is developed ( Figure 3 ) based on four basic elements for assessing risk: Hazard, exposure, vulnerability and loss [50] . First, the assets of residential buildings and household properties are estimated and mapped at the NC level, based on the information of residential building area, housing price, floor number and household property values. Second, the assets exposed to floods are obtained by overlay analysis of the asset maps with the hazard maps of extreme storm floods. Third, the losses of residential buildings and household properties within a specific flood scenario are estimated, based on the exposure and stage-damage functions. Finally, the risk, expressed as the estimated average annual loss (AAL), is quantified as a function of the probabilities of flood events (or return periods) and their potential losses. Only the ground floor was considered for assessing the exposure, losses and risks of residential buildings and household properties since inundation areas with depth greater than 3.0 m (exceeding the first storey) are less than 0.05% of the total flooded region in all four scenarios. The total exposure, losses and AALs at municipality, district and township levels are aggregated from the NC level.
Asset Value Analysis of Household Properties
The household properties mainly include wall coating, wooden floor, household appliances and furniture according to the Shanghai Statistical Yearbook 2017 and previous studies [14, 18] . The current market price method is used to assess the asset value of household properties [51] . 1 
Estimation of wall coating cost
The total cost per square meter is the sum of wall coating cost and labor cost. Following previous studies [14, 18] , the wall coating cost was estimated on the basis of the market price. The labor cost of wall coating was estimated according to the reference price information from the Shanghai household decoration market.
An empirical method was used to estimate the wall coating area for interior walls, i.e., the wall coating area is about 2.5 times of the building footprint area [14] . Therefore, the wall coating costs W [CNY] can be calculated as follows: Estimation of wooden floor cost
The total wooden floor cost per square meter is the sum of the floor price and the labor cost [14] . The wooden floor cost F [CNY] can then be calculated using Equation (2) .
where S building is the wooden floor area of the residential buildings [m 2 ]; M 2 is the sum of the wooden floor price and labor cost per square meter [CNY/m 2 ]. 3 Estimation of household appliances and furniture cost
The averaged asset values of household appliances and furniture for household were acquired by a sample survey. The number of households can be estimated by the area of residential buildings divided by the average household area [32], the cost P [CNY] of household appliances and furniture is estimated as follows [33] :
where E and F are the market price of major household appliances and furniture [CNY], respectively per household; N is the number of households [-] . Finally, the total asset and its distribution of household properties were estimated by aggregating the costs of wall coating, wooden floor, household appliances and furniture in all the NCs of Shanghai. 
② Estimation of wooden floor cost
The total wooden floor cost per square meter is the sum of the floor price and the labor cost [14] .
The wooden floor cost F [CNY] can then be calculated using Equation (2).
2 Figure 3 . The methodology framework of flood risk analysis in this study. 
Exposure Analysis
A GIS software was used to calculate the exposed assets by overlaying the hazard maps of extreme flooding with the asset distributions of residential buildings and household properties. The exposure of total asset E asset [CNY] to storm flooding includes two parts: The exposed asset of residential buildings B [CNY] and the exposed asset of household properties C [CNY] .
where
where W 1 , F 1 and P 1 are exposed assets of wall coating, wooden floor and household appliances and furniture [CNY] , respectively, which were derived by overlay analysis to combine wall coating value W (Equation (1)), wooden floor value F (Equation (2)), and household appliances and furniture value P (Equation (3)) with four inundation scenarios caused by extreme flooding.
Loss Analysis
Losses of residential buildings and household properties under different storm flood scenarios were analyzed, respectively.
Loss Analysis of Residential Buildings
The stage-damage function developed by Ke [1] was used to evaluate the losses of residential buildings in this work ( Figure 4a ). The stage-damage function, derived by summarizing a variety of previous studies and empirical events in Shanghai [1] , indicates the relationship of residential building loss rate with water depth at an interval of 0.5 m. The direct economic loss of residential buildings V [CNY] can be calculated as follows:
where B is the exposed asset of residential buildings [CNY]; R 1 is the loss rate of residential buildings under different inundation depths [-] . ① Loss analysis of wall coating
The loss of wall coating, caused by water immersion, is composed of the repainting and labor costs. It's closely related to water depth, and can be formulated as follows:
where Q is the loss of wall coating 
Loss Analysis of Household Properties
Previous studies show that the loss rates of household properties for different households tend to be similar, that is, the stage-damage functions are almost the same [14, 18, 33, 52] . In this work, the stage-damage functions of wall coating (Figure 4b ), wooden floor, household appliances and furniture (Figure 4b ) developed by Shi et al. [33] were used to estimate the loss values of household properties. These functions represented the relationship of household property loss rates with water depth at an interval of 0.1 m [33] . 1 
Loss analysis of wall coating
where Q is the loss of wall coating [CNY]; W 1 is the exposed value of wall coating [CNY]; R 2 is the loss rate of wall coating under different water depths [-] . 2 Loss analysis of wooden floor
Wooden floor loss T [CNY] is distinct because it is usually assumed to have no direct relationship with water depth. Floor loss occurs once soaked. Therefore, T is equal to the exposed wooden floor asset
Loss analysis of household appliances and furniture
The loss of household appliances and furniture H [CNY] is closely related to water depth and can be calculated according to Equation (9) .
where P 1 is the total exposed assets of household appliances and furniture [CNY]; R 2 is the loss rate of household appliances and furniture under different water depths [-].
Risk Expression
Risk can be expressed as a curve, in which all scenarios are plotted with their return periods or probabilities and associated losses, and the curve can be used directly to calculate the expected average annual loss (AAL) [CNY/year].
where x is the losses [CNY]; f (x) is the corresponding probabilities [-].
Spatial Pattern Identification
The local Gi* statistic is used to quantify the spatial heterogeneity of the AAL, and it can be calculated using Equation (11) [41] .
where {w ij } is an n-by-n symmetrical matrix of 0 or 1 and represents the spatial relations of neighborhood i and the rest neighborhoods; a value of 1 indicates that neighborhood j is a neighbor to neighborhood i while 0 means that j does not neighbor i, which is determined by the distance d between them. x i and x j refer to the value of neighborhood i and j, respectively. This method proportionally compares the sum of a neighborhood and its neighbors to the sum of all neighborhoods and tests if the local sum is significantly different from the expected value. The local Gi* statistic can directly identify the local hot spots or cold spots of the AAL. Hot spots reflect that the AAL scores of a neighborhood and its neighbors are averagely higher than the expected value while cold spots indicate an opposite situation [17] .
Results and Discussion

Exposure of Residential Buildings and Household Properties
The asset value of residential buildings and its spatial distribution in Shanghai can be estimated, based on the area, number of floors and house prices of residential buildings, while the values of household properties and their distribution can be derived, using Equations (1)-(3) . The spatial distributions of exposed assets for residential buildings and household properties are mapped by overlay analysis to combine the four extreme flood inundation scenarios with the asset value maps in Shanghai in 2017 ( Figure 5 ). Of 15 districts, Pudong has the largest proportion of exposed assets under four scenarios although it has drops from 43.8% of the total in Shanghai for 1/200-year to greater than 1/4 for 1/5000-year scenario. The exposed residential buildings and household properties caused by a 1/200 storm flood are mainly concentrated in the Pudong and Jiading districts, which account for more than 57% of the total exposed asset. For 1/5000-year, the total exposure in Pudong still accounts for 28.4%, while other districts have more or less exposure distributions with a ratio of less than 9%. In contrast, the total exposed asset in eight downtown districts increases dramatically, which finally accounts for 41.4% for 1/5000-year scenario.
With respect to the subdistrict/township level, the number of subdistricts/towns that have exposed residential buildings and household properties is 173 (82.8%) and 201 (96.2%) for 1/200-year and 1/5000-year events, respectively. For 1/200-year, Nanxiang Town accounts for 8.3% of the total exposure in the Jiading District, Gaohang Towns (7.1%) and Sanlin (7.2%) in Pudong have the largest proportion. For 1/5000-year, Sanlin (3.9%) and Beicai Towns (2.7%) in Pudong, the Fangsong Subdistrict (2.2%) in Songjiang are the most exposed areas ( Figure 5 ).
Losses of Residential Buildings and Household Properties
The direct economic losses and their distribution of residential buildings and household properties caused by extreme flooding under the four return periods can be calculated, using Our analysis shows that the exposure increases rapidly as the return periods of storm flooding increases ( Table 1 ). The exposed asset of residential buildings is much larger (accounting for around 95% of the total) than that of household properties (accounting for only about 5%) for all four inundation scenarios. For the 1/5000-year scenario, the exposed assets of residential buildings and household properties are 8.8 times and 8.2 times of those for 1/200-year, respectively, while the area of exposed residential buildings (162.4 km 2 ) is 6.5 times of that for 1/200-year. Figure 5 shows that the residential buildings and household properties are sporadically exposed to the 1/200-year storm flood, and mainly distributed around both sides of the outer ring ( Figure 5 ). With the increase of the return period, many sporadically exposed areas expand rapidly, and gradually become contiguous. Meanwhile, the exposed extent centered at the Suzhou Creek mouth ( 1 in Figure 1b ) has significantly increased in the inner city. For 1/5000-year, two contiguous distribution areas are formed: One is distributed in the main urban area inside and outside the outer ring, another is located at the Songjiang low-lying area ( Figure 5 ) in west Shanghai.
Of 15 districts, Pudong has the largest proportion of exposed assets under four scenarios although it has drops from 43.8% of the total in Shanghai for 1/200-year to greater than 1/4 for 1/5000-year scenario. The exposed residential buildings and household properties caused by a 1/200 storm flood are mainly concentrated in the Pudong and Jiading districts, which account for more than 57% of the total exposed asset. For 1/5000-year, the total exposure in Pudong still accounts for 28.4%, while other districts have more or less exposure distributions with a ratio of less than 9%. In contrast, the total exposed asset in eight downtown districts increases dramatically, which finally accounts for 41.4% for 1/5000-year scenario.
The direct economic losses and their distribution of residential buildings and household properties caused by extreme flooding under the four return periods can be calculated, using Equations (7)- (9) to combine the exposed assets with the corresponding stage-damage functions ( Figure 6 ). Figure 6 shows that the spatial patterns of the total losses for residential buildings and household properties are quite similar to exposure ( Figure 5 ) under four storm flood scenarios. The loss, scattered for 1/200-year scenario, rapidly increases in terms of extent and amount with the increase of the return period. For 1/5000-year, the total loss of residential buildings and household properties reaches up to 366 billion CNY (Table 2) , is mainly composed by two contiguous areas. One is located in the main urban area and another in the Songjiang low-lying area ( Figure 6 ) in west Shanghai. Under all four scenarios, the losses of residential buildings are approximately 2.7-3.0 times those of household properties (Table 2) . Figure 6 . Loss distribution of residential buildings and household properties caused by extreme flooding under four return periods in NC levels of Shanghai. Figure 6 shows that the spatial patterns of the total losses for residential buildings and household properties are quite similar to exposure ( Figure 5 ) under four storm flood scenarios. The loss, scattered for 1/200-year scenario, rapidly increases in terms of extent and amount with the increase of the return period. For 1/5000-year, the total loss of residential buildings and household properties reaches up to 366 billion CNY (Table 2) , is mainly composed by two contiguous areas. One is located in the main urban area and another in the Songjiang low-lying area ( Figure 6 ) in west Shanghai. Under all four scenarios, the losses of residential buildings are approximately 2.7-3.0 times those of household properties (Table 2) . With respect to the loss in each administrative division, of 15 districts, the losses of residential buildings and household properties in Pudong accounts for the largest proportion under four scenarios though it drops from 41.6% for 1/200-year to about 1/4 for the other scenarios. For 1/200-year, the loss is mainly concentrated in the Pudong and Jiading Districts. These two districts account for more than 55.4% of the total loss, while the loss in the inner city is relatively low (21.6%). For 1/5000-year, besides Pudong, losses in Baoshan District is also larger than 10%, while the losses in the inner city significantly increases, with a total loss reaching up to 45.3%. Of 209 subdistricts/towns, the number of those with losses of residential buildings and household properties increases from 173 (82.8%) for 1/200-year to 201 (96.2%) for 1/5000-year scenario. For 1/200-year, five towns (Nanxiang, Gaohang, Beicai, Sanlin and the Bay Tourism Area of Fengxian District in Figure 6 ) with losses exceeding 5% of the total have an aggregate loss up to 32.8%. For 1/5000-year, the losses in Sanlin (3.8% of the total) and Beicai Towns (2.3%) in Pudong, and Nanxiang Town (2.0%) in Jiading are the largest at the township level ( Figure 6 ).
Risk and Its Spatial Pattern
Risk Expression
The annual exceedance probability (AEP)-loss curves of extreme flooding for residential buildings, household properties and the summation of the two are plotted respectively (Figure 7a-c) , based on the losses under four scenarios. The average annual loss (AAL) is then calculated by Equation (10 Gaohang, Beicai, Sanlin and the Bay Tourism Area of Fengxian District in Figure 6 ) with losses exceeding 5% of the total have an aggregate loss up to 32.8%. For 1/5000-year, the losses in Sanlin (3.8% of the total) and Beicai Towns (2.3%) in Pudong, and Nanxiang Town (2.0%) in Jiading are the largest at the township level ( Figure 6 ).
Risk and Its Spatial Pattern
Risk Expression
The annual exceedance probability (AEP)-loss curves of extreme flooding for residential buildings, household properties and the summation of the two are plotted respectively (Figure 7a-c) , based on the losses under four scenarios. The average annual loss (AAL) is then calculated by Equation (10) . The AALs of residential buildings and household properties in Shanghai are 440 million CNY /year (65.4 million USD/year) and 150 million CNY/year (22.3 million USD/year), respectively, with a total of 590 million CNY/year (87.4 million USD/year). Pudong, Baoshan and Huangpu Districts have the highest AAL of 148, 56 and 50 million CNY/year, respectively. The AAL of eight downtown districts in the inner city is up to 290 million CNY/year, accounting for 49% of the total. Figure 8 shows that eight most vulnerable subdistricts/towns scatter throughout the main urban area. Each of them has an AAL larger than 12 million CNY/year, with a total of 124 million CNY/year. Gaohang, Beicai, Sanlin and the Bay Tourism Area of Fengxian District in Figure 6 ) with losses exceeding 5% of the total have an aggregate loss up to 32.8%. For 1/5000-year, the losses in Sanlin (3.8% of the total) and Beicai Towns (2.3%) in Pudong, and Nanxiang Town (2.0%) in Jiading are the largest at the township level (Figure 6 ).
Risk and Its Spatial Pattern
Risk Expression
The annual exceedance probability (AEP)-loss curves of extreme flooding for residential buildings, household properties and the summation of the two are plotted respectively (Figure 7a-c) , based on the losses under four scenarios. The average annual loss (AAL) is then calculated by Equation (10) . The AALs of residential buildings and household properties in Shanghai are 440 million CNY /year (65.4 million USD/year) and 150 million CNY/year (22.3 million USD/year), respectively, with a total of 590 million CNY/year (87.4 million USD/year). Pudong, Baoshan and Huangpu Districts have the highest AAL of 148, 56 and 50 million CNY/year, respectively. The AAL of eight downtown districts in the inner city is up to 290 million CNY/year, accounting for 49% of the total. Figure 8 shows that eight most vulnerable subdistricts/towns scatter throughout the main urban area. Each of them has an AAL larger than 12 million CNY/year, with a total of 124 million CNY/year. 
Spatial Pattern of the AAL
The result derived from the local Gi* statistic shows a hierarchical pattern for the AAL of residential buildings and household properties in Shanghai (Figure 9 ). Hot spots and cold spots occupy 1342 (34.6%) and 1238 (31.9%) neighborhoods, respectively. The AAL patterns of hot and cold spots are similar to the AAL distribution at the township level. A significant hot spot occupies the central city, which was surrounded by cold spots, and then four hotspots centered around Nanxiang, Youyi Road, Gaohang, Beicai subdistricts/towns ( 1 , 2 , 3 , 4 , in Figure 8 ) situate inside and outside the outer ring ( Figure 9 ). No significant hot spots form in the Songjiang low-lying area in west Shanghai. In contrast, an obvious hot spot is situated around the Bay Tourism Area of Fengxian District along the Hangzhou Bay. These spatial patterns of the AAL reveal the distributions of the higher and lower extreme flood risk in Shanghai.
The result derived from the local Gi* statistic shows a hierarchical pattern for the AAL of residential buildings and household properties in Shanghai (Figure 9 ). Hot spots and cold spots occupy 1342 (34.6%) and 1238 (31.9%) neighborhoods, respectively. The AAL patterns of hot and cold spots are similar to the AAL distribution at the township level. A significant hot spot occupies the central city, which was surrounded by cold spots, and then four hotspots centered around Nanxiang, Youyi Road, Gaohang, Beicai subdistricts/towns (①, ②, ③, ④, in Figure 8 ) situate inside and outside the outer ring ( Figure 9 ). No significant hot spots form in the Songjiang low-lying area in west Shanghai. In contrast, an obvious hot spot is situated around the Bay Tourism Area of Fengxian District along the Hangzhou Bay. These spatial patterns of the AAL reveal the distributions of the higher and lower extreme flood risk in Shanghai. 
Discussion
The frequency of fluvial and coastal storm flooding has dropped significantly, while the urban pluvial flooding caused by rainstorms have risen sharply in Shanghai in recent decades [53] . The urban pluvial flooding usually occurs from several times a year to once several years, but its impact and losses are relatively smaller, with direct economic losses ranged from tens of millions CNY to several hundred million CNY [54] . However, extreme flooding, caused synchronously by a typhoon induced storm surge, a high astronomic tide, heavy rain, and a fluvial flood, is categorized as catastrophic disaster with a low probability and high impact, with return periods of a hundred years or even millennium years, and the direct economic loss is usually more than 10 billion CNY [54] . It' s the primary risk of flooding to the Shanghai city.
In this work, the inundation maps, exposure of residential buildings and household properties, stage-damage functions all contain a certain degree of uncertainty which propagates through the calculation and accumulates in AEP-loss curves and AAL calculations [55, 56] . These sources of uncertainties should be further addressed in future flood risk studies. In addition, Mosimann et al. [30] presented two models, deduced from loss claims on residential buildings, which allow to predict the degree of loss or the monetary loss for household contents based only on corresponding losses on the building structure. The work presented by Mosimann et al. [30] . provides a new approach for estimating the vulnerability, losses and risks for household properties caused by flooding in Shanghai. As a preliminary comparison, first, Wu et al. [34] roughly estimated the exposed building asset value of 1868.3 billion CNY, and a total damage of approximately 197.6 billion CNY for a 1/1000-year flood scenario by Ke [1] . Correspondingly, we also used the same scenario to estimate the loss of residential 
In this work, the inundation maps, exposure of residential buildings and household properties, stage-damage functions all contain a certain degree of uncertainty which propagates through the calculation and accumulates in AEP-loss curves and AAL calculations [55, 56] . These sources of uncertainties should be further addressed in future flood risk studies. In addition, Mosimann et al. [30] presented two models, deduced from loss claims on residential buildings, which allow to predict the degree of loss or the monetary loss for household contents based only on corresponding losses on the building structure. The work presented by Mosimann et al. [30] provides a new approach for estimating the vulnerability, losses and risks for household properties caused by flooding in Shanghai. As a preliminary comparison, first, Wu et al. [34] roughly estimated the exposed building asset value of 1868.3 billion CNY, and a total damage of approximately 197.6 billion CNY for a 1/1000-year flood scenario by Ke [1] . Correspondingly, we also used the same scenario to estimate the loss of residential buildings, and the result showed the loss was 176.3 billion CNY. Our result is much larger due mainly to the housing price we used. The average housing price in 2017 used in this work is 54.2 thousand CNY per square meter while the construction cost per square meter of 4197.0 CNY in 2014 was used in Wu et al. [34] . Second, on 6 August 2005, heavy rain brought by typhoon "Masha" flooded more than 50,000 households, and the direct economic loss was estimated at 1.36 billion CNY [20] , which was comparable with our results after extrapolation of the number of inundated households. Third, our results show the loss of household properties accounts for about 27% of the total losses, which is comparable to those found by Mosimann et al. [30] (from 21% to 32%), Thieken et al. [31] (28%) or FOWG [27] (36.5%). In addition, the exposure of household properties is an order of magnitude (around 5% of the total) smaller than that of residential buildings (around 95%), which indicates that household properties are more vulnerable to flooding in general [30] . Despite the uncertainties, this study has presented the flood risk and its spatial pattern for residential buildings and household properties in Shanghai for the first time, which can provide meaningful information for risk-sensitive urban planning and flood risk management in Shanghai [57] .
The spatial heterogeneity of extreme flood risk in Shanghai ( Figure 9 ) was mainly caused by spatial distributions of flood severity and the assets of residential buildings and household properties. In the main urban area inside and outside the outer ring, densely distributed the assets together with severe flooding (especially in 1/1000-year and 1/5000-year events) lead to high exposure, losses and risks, with five out of six remarkable hot spots of the AAL distributed there. The northern bank of the Hangzhou Bay and Songjiang depression area are prone to extreme flooding. However, these two regions have relatively lower extreme flood risk due mainly to less urbanization.
A significant hot spot of extreme flood risk is situated in the central city where the most serious land subsidence has occurred since the 20th century [1, 4, 8, 10, 58] . It may be severely flooded as the return period of storm flooding increases. In the context of sea level rise and land subsidence, the return period of extreme flooding will greatly decrease [1, 2, 4, 59] , the extreme flood risk in the central city may rise rapidly. It is urgently needed to assess the feasibility and cost-benefit of the barrier project near Wusongkou, the mouth of the Huangpu River, and to strengthen the flood control capacity in order to enhance the safety of the inner city. The north bank of the Hangzhou Bay is subject to extreme flooding, it is necessary to implement risk sensitive urban planning, update standards and codes for settlements and infrastructure in the region. Meanwhile, nature-based or hybrid measures should be taken to enhance flood protection along the Hangzhou Bay. Moreover, the Songjiang depression area in the upper reaches of the Huangpu River is also a flood-prone area. When an extreme flooding event occurs, it will be severely flooded there since the upstream flood is difficult to discharge due to the high water level caused by storm surge if it coincides with a high astronomical tide. In addition, the measures to elevate the buildings or adopt waterproof design are also recommended in hot spot areas.
High risk areas of districts and towns, especially the Pudong District, home to the Shanghai free trade zone and a host of world-class business parks in addition to the rapid growth of residential settlements, are crucial to manage the risk of extreme flooding and enhance the flood resilience. In recent decades, the upgrading of flood control projects in Shanghai was all carried out after the occurrence of huge losses caused by extreme floods. Individual extreme flood events (typhoons in 1962, 1974, 1981 and 1997) seem to have had a greater impact on flood protection decision-making in Shanghai [5, 44] . However, our study suggests that Shanghai needs to be more proactive in terms of flood protection similar to the Thames Estuary 2100 [60] and New York's resilience building plan [61] to manage the catastrophic risk and make the city more resilient to extreme flooding.
Conclusions
We developed a multidisciplinary approach to analyze the exposure, loss and risk patterns of residential buildings and household properties in Shanghai under extreme flooding scenarios for the first time. The main conclusions are as follows:
(1) The spatial patterns of exposure and losses for residential buildings and household properties are similar, and characterized as a rapid increase in the extent and amount of exposure and losses with return periods. For 1/5000-year, two contiguous inundation areas are formed, namely, the main urban area and the Songjiang low-lying area in west Shanghai. The exposure of household properties is an order of magnitude smaller than that of residential buildings, but the loss of household properties accounts for about 27% of the total losses, indicating that household properties are much more vulnerable to flooding. (2) The inundated residential building area caused by 1/200-year and 1/5000-year events increases from 24.9 km 2 to 162.4 km 2 , and the total loss of residential buildings and household properties escalate from 29.7 billion CNY (4.4 billion USD) to 366.0 billion CNY (54.4 billion USD), with widespread impact throughout Shanghai city. (3) The AAL of residential buildings and household properties in Shanghai is 590 million CNY/year (87.4 million USD/year), and several hot spots of extreme flood risk are distributed around the main urban area and on the northern bank of the Hangzhou Bay. Pudong is most vulnerable to extreme flooding, where the exposure and AAL for the residential buildings and household properties covers more than 25% of the total in Shanghai. The inner city is also highly threatened by extreme flooding, with an AAL accounting for 49% of the total; in particular, the central city is a most important hot spot of extreme flood risk. Subdistricts/towns and neighborhood committees with the maximum risks are mainly concentrated in the Pudong, Jiading, Baoshan Districts and the inner city. The above administrative divisions and areas are especially required to strengthen flood resilience.
Our results have important implications for risk-sensitive urban planning and development, and risk management in Shanghai. However, we only conducted risk analysis of residential buildings and household properties for extreme flooding. It is urgently needed to analyze the comprehensive risk caused by the extreme flooding in Shanghai in the context of the climate change, sea level rise and subsidence in order to develop strategies for risk-based development and resilience building in Shanghai.
